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Abstract: 
The copper zinc tin sulphide (CZTS) alloy is a promising p-type earth abundant alloy that 
received profound attention as an electron driven dark catalyst in electrocatalytic reduction 
reaction.  We report about fabrication of p-type CZTS film with the jet nebulizer assisted 
spray (JNS) coating technique. The electrocatalytic activity of the as-synthesized CZTS 
electrode is studied at tri-iodide reduction reactions and is tested as Pt-free electrocatalyst in 
proof-of-concept type device. Under identical experimental conditions the CZTS counter 
electrode- and platinum electrode-based dye-sensitised solar cells result similar photocurrent 
density of ~ 10 mAcm-2. These results encourage applications of the aero-sol controlled spray 
coated CZTS films as the Pt-free electrocatalyst, where reduction reaction takes a key role in 
energy conversion and biosensing.  
Keywords: Jet-nebulizer spray; CZTS; dye-sensitized solar cells; tri-iodide reduction; Pt-free 
electrocatalyst. 
Introduction: 
Dye-sensitized solar cells (DSSCs) is a promising device to transform the solar energy 
into electricity using the semiconductor materials and organic dye molecules [1]. The 
photoelectrons or oxidative electron carriers collected from the photoanode will be 
transported to the cathode, which initiates catalytic reduction reactions with target 
electrolyte and thus sustain the electricity or fuel generation in the cell. This clearly 
implies that the electron driven catalyst platinum (Pt) is an indispensable component to 
demonstrate electrochemical process in dye-sensitized solar cells (DSSCs). However, 
availability and materials cost limits industrial deployment of Pt catalyst at large scale.  
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The less expensive semiconductor materials are proposed as the Pt-free catalyst in 
DSSCs [2, 3].  Compared to Pt, the cathode electrodes of transition metal oxides, 
sulphides, nitrides and carbides exhibited promising electrocatalytic performance in 
DSSCs. In particular, sulphide based electrocatalysts have the merits in easy synthesis, 
chemical stability, and excellent electrocatalytic property [4-6]. Recently, the 
quaternary semiconductor CZTS perceived profound attention as the Pt-free 
electrocatalyst in DSSCs owing to its abundance, low toxicity [7-10],  and high hole 
concentration[11] of ~1.2×1015 to 3.1×1020 cm-3  providing high p-type electrical 
conductivity. This may anticipate high appealing class of electron-driven catalyst 
materials in electrochemical reduction reaction at DSSCs.  
The CZTS films can be either synthesized directly on substrates or deposited from the 
already available nanocrystals. Among the available coating techniques, spray coating 
attracted much interest in catalyst and photoabsorber industry owing to its technical 
merits of low cost, the fabrication on large area, precise controllability of the electrode 
thickness, and possibility of doping and of hetero/multilayer formation. Compare to 
conventional pneumatic spray coater, our recent efforts on JNS coating showed more 
technical advantages on precise controllability in aerosol distribution, which results in 
smooth film surface and well-defined crystallite edges [12]. This may anticipate to 
produce homogenous and highly reactive CZTS catalyst film. In the present work, we 
demonstrate CZTS films directly grown using the JNS spray coating. We examine the 
structural and optical properties of the as-synthesised CZTS films, demonstrate their 
catalytic activity in DSSCs.  
Experimental: 
JNS spray coated CZTS film: All the chemicals were received from Alfa Aesar India, 
and utilized without further purification. The typical precursor solutions are copper 
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chloride, zinc chloride, tin (II) chloride, thiourea taken in the ratio of 2:1:1:8 and 
dissolved in 35 mL of distilled water and stirred constantly under room temperature 
for 30 min. The filtered precursor solution was taken in the pocket size nebulizer as 
demonstrated in our previous work [13] and spraying was carried out on the FTO 
substrate for 5 minutes.  
The crystalline structure of CZTS thin film was examined by x-ray diffractometer (XRD) 
(Rigaku Denki, Japan) using CuKα radiation. The surface morphology of CZTS was 
characterized using a field emission scanning electron microscope (FE-SEM, JSM 7600F, 
JEOL, Tokyo, Japan. The composition of the resultant CZTS film is examined using energy 
dispersion spectra and found to be 25:9:18:48. 
Results and discussion 
Structural and morphology analysis: The XRD spectra (Figure 1a), shows a 
predominant peak at 28.5˚ corresponding to (112) crystallite plane. Relatively smaller 
crystallite peaks were observed at 47.3˚ and 56.2˚ are corresponding to (220), and 
(312) crystallite planes. These (112), (220), (312) crystallite peaks implies the kesterite 
structure of CZTS (JCPDS–26-0575).  Further, this film was examined by Raman 
spectra (Figure 1b). The observed broad Raman peak at 322 cm-1 indicates the 
kesterite CZTS structure. A small shift in Raman peak position is often observed at 
337 cm-1 due to difference in preparation technique and composition.[14] Figure 1c 
shows the surface morphology of the CZTS film at 1 µm scale. In close proximity, the 
CZTS surface seems to be compact packing of nanoscale crystallites. The rugosity of 
the film surface might be related to the spray coating at low substrate temperature 
[15]. 
Dye-sensitized solar cells: The schematic device structure of DSSC is depicted in 
Figure 2a. Under solar light irradiation, the photoelectrons and holes will be generated 
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in photoanode. Further, the photoelectrons will be transported into the counter 
electrode and will reduce the redox carriers at the counter electrode.  In order to 
examine catalytic activity of the as-synthesised CZTS electrode in tri-iodide reduction, 
CV of CZTS coated FTO electrode (CZTS/FTO) was tested with iodide containing 
electrolyte. The resultant CV plot is compared with conventional Pt electrode 
(Pt/FTO) in Figure 2b. The distinguished peak observed at negative potential region -
0.34 V vs Ag/AgCl of CZTS electrode demonstrates the catalytic activity in the 
trioxide reduction (I3- + 2e- ↔ 3I-) [16]. Further, the catalytic performance of CZTS 
film is tested in DSSC device. For further details about DSSC device please refer 
supporting information. The J-V measurements have been performed and results 
presented in Figure 3a. The CZTS counter electrode based DSSC results in the 
photocurrent density of Jsc=10.5 mAcm-2, open circuit voltage Voc =0.65 V, fill factor 
F.F=39 and efficiency ƞ=2.7 %. The DSSC with the Pt counter electrode results in the 
photocurrent density of Jsc=10.6 mAcm-2, open circuit voltage Voc =0.78 V, fill factor 
F.F=56 and overall efficiency ƞ=4.5 %. The photocurrent generated by the CZTS 
based device is almost the same as that based on Pt. The effective electronic 
conductivity (Nb= 3.76 x 1017 cm-3) and high electrocatalytic activity is responsible for 
the photocurrent generation by the CZTS based device as it is discussed in Fig. 2b. 
However, the smaller fill factor of this device as compared to the Pt-based cell might 
originate from larger electrical resistivity at the counter electrode/electrolyte interface.  
This argument can be further examined through electrochemical impedance 
spectra. The resultant Nyquist plot is further simulated with the equivalent circuit as 
presented in the inset of Figure 3b. The simulated charge transfer resistance value 
(Rct1) of CZTS electrode is 48.7 Ω.cm-2, this is four times larger than that of Pt 
electrode (11.7 Ω.cm-2).  The high charge transfer resistance at CZTS electrode might 
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be responsible for the small fill factor of this device. The charge transfer resistance of 
CZTS film can be further reduced by varying the composition, substrate temperature, 
or probing thickness of the electrode.  
Conclusions 
In conclusion, aero-sol controlled CZTS film has been fabricated through low cost, 
JNS coating technique. The as-deposited CZTS film prepared at 250 °C substrate 
temperature exhibits kesterite crystallite structure. Under identical experimental 
conditions, the CZTS films showed reasonable electrocatalytic performance in tri-
iodide reduction reactions, which encourages its implementation as Pt-free 
electrocatalyst in solar cells as well other catalysis applications.   
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Figure Captions 
Figure 1. (a) X-ray diffraction pattern; (b) Raman spectra and (c) SEM image of JNS 
spray coated CZTS film (inset photography of the sample). 
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Figure 2. (a) Schematic illustration of dye-sensitized solar cells associate with CZTS counter 
electrode; (b) cyclic voltammogram of CZTS and Pt counter electrodes measured using a 
three electrode configuration (Note that the electrolyte containing methoxypropionitrile 
solvent with 10 mM LiI, 1 mM I2 and 0.1 M LiClO4 measured at a fixed scan rate of 100 
mV.s-1). 
Figure 3.  (a) J-V plot of dye-sensitized solar cells fabricated with different counter 
electrodes (CZTS and Pt); (b) Nyquist plots of dye-sensitized solar cells with different 
counter electrodes (CZTS and Pt) [the measurements were carried out under 1 sun AM1.5 
illumination; inset shows the equivalent circuit for simulation]. 
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Highlights  
• Less expensive CZTS film coating is demonstrated through jet-nebulizer spray 
technique.  
• Highly oriented (112) CZTS phase is achieved at low processing temperature. 
• Electrocatalytic activity of triiodide/iodide reduction is demonstrated. 
• CZTS based DSSC exhibits feasible photocurrent generation compared to Pt.  
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